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Abstract: The high commercial values of eicosapentae-
noic (EPA) and docosahexaenoic (DHA) acids have
driven a strain-improvement program, aimed at increas-
ing the content of those fatty acids in the microalga Pav-
lova lutheri (SMBA 60) as parent strain. After a round of
mutation using UV-light as mutagenic agent, an isolate
strain (tentatively called II#2) was obtained, the EPA and
DHA contents of which (in % dry biomass) were 32.8%
and 32.9% higher than those of the control, native strain.
The final EPA yields, when the cultures were maintained
under appropriate conditions, were 17.4 and 23.1
mg  g−1 dry biomass, for the wild-type and the II#2
strain, respectively, whereas the final DHA yields were
8.0 and 10.6 mg  g−1 dry biomass, respectively. These
results suggest that random mutagenesis can success-
fully be applied to increase the yield of n-3 fatty acids by
microalgae.
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INTRODUCTION
Microalgae are widely used in the aquaculture industry,
mostly to feed fish, crustaceans, and bivalves directly. They
are also used indirectly, although to a much lesser extent,
via feeding of rotifers, copepods, and brine shrimps, which
are in turn used to feed the former (Borowitzka, 1997; Spek-
torova et al., 1986; Volkman et al., 1989). The final nutri-
tional value and biomass productivity of the products of
aquaculture will thus be constrained by the nutritional qual-
ity of the nourishment, specifically in terms of several
growth-promoting compounds. Fish are one of the most
important sources of polyunsaturated fatty acids (PUFA) in
human nutrition, including eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), which are well known
for their beneficial effects on human health (Carvalho and
Malcata, 1996; Dyerberg, 1986; Radwan, 1991; Reis et al.,
1996). Furthermore, it is believed (de Pauw and Persoone,
1988) that fish do not synthesize EPA and DHA themselves,
but instead obtain those compounds strictly from their diet.
Therefore, the EPA and DHA contents of the feed of crus-
tacean and fish in aquaculture are of the utmost importance.
A few microalgae species are particularly rich in EPA and
DHA, and hence appear to be high-quality feed for aqua-
culture; among them, Pavlova lutheri has attracted much
attention due to its considerable amounts of PUFA (Spek-
torova et al., 1986; Thompson et al., 1996; Volkman et al.,
1991).
The PUFA content of microalgae can be modulated by
culture conditions, and several studies aimed at the optimi-
zation of culture parameters are available (Carvalho and
Malcata, 2000; Dunstan et al., 1993; Grima et al., 1994a,b).
However, use of microalgae as industrial source of PUFA is
still not economically feasible (Borowitzka, 1997), mainly
because of productivity limitations. Improvement of EPA
and DHA contents of microalgal strains, either by genetic
engineering or induced mutagenesis, would thus be in order,
not only per se for eventual human consumption but also to
increase the quality of aquaculture products. At present,
induced mutagenesis presents a substantial advantage com-
pared to genetic engineering, as it does not require the
wealth of biochemical and genetic information on the or-
ganism in stake (Queener and Lively, 1986), which is not
currently available for most microalga species (Alonso et
al., 1996). Strain improvement by induced mutation is in-
deed broadly applied in biotechnological industries; e.g., the
yield of penicillin was stepwise increased from 0.06 to 26
mg  mL−1 via application of this method (Queener and
Lively, 1986).
A strain improvement program, aimed at the increase of
EPA and/or DHA contents of P. lutheri by induced muta-
genesis, was duly followed. UV light was chosen as muta-
genic agent, because it is considered as one of the simplest
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ways to obtain a wide variety of mutant strains from bac-
teria (Carlton and Brown, 1981) and cyanobacteria (Wil-
liams et al., 1979); it has also been shown to improve the
EPA content of the microalga Phaeodactylum tricornutum
(Alonso et al., 1996). Experiments with different culture
media, solidifying agents, and cultivation conditions were
performed, so as to determine the best conditions for growth
of P. lutheri on solid medium, prior to isolation of colonies
of putative mutants; note that difficulties in manipulating
species on solid media have hampered genetic studies en-
compassing other species of microalgae (Williams et al.,
1979). After having established the best conditions for clone
isolation, a one-step mutation procedure, adapted from
Alonso et al. (1996), was carried out in attempts to achieve
EPA- and/or DHA-overproducing strains of P. lutheri.
MATERIALS AND METHODS
Culture Source
The parent culture of P. lutheri (strain SMBA60) was kindly
supplied by IPIMAR (Instituto Português de Investigação
Marı́tima, Portugal); the liquid culture medium was artifi-
cial sea water (ASW) (Borowitzka, 1988).
Several media, solidifying agents, and cultivation condi-
tions were previously tested in order to screen for the best
combination for isolation of single colonies of P. lutheri on
plate. They included both ASW and GPM (without soil
extract) (Anonymous, 1986), solidified with agar no. 1 (Lab
M, Amersham, UK), agar–gel (Sigma, St. Louis, MO), and
gelatin (Lab M). With respect to agar no. 1, the range of
concentrations considered was 0.3–1.5% (m/v); for both
agar–gel and gelatin, the minimum concentration that al-
lowed the media to remain solid, viz. 0.35% and 2.5% (m/
v), respectively, was also tested. Cultivation under all com-
binations was under normal humidity (<50% RH) and under
high humidity (>70% RH) overhead atmosphere, so as to
avoid surface drying. As it had the best performance (i.e.,
fully grown colonies within 1 month), ASW solidified with
0.3% (m/v) agar no. 1 was employed thereafter to proceed
with isolations.
Experimental Design
The mutation program used ultraviolet radiation (UV) as
mutagenic agent. The UV source was a 254-nm wavelength
lamp placed 20 cm above the culture.
The first step of the mutation program was determination
of the appropriate times for UV exposure of the parent
culture, so as to guarantee a successful strain improvement
methodology; for that purpose, death curves under UV light
were obtained. Volumes of 50 mL of culture were exposed
to UV light for 40 min, with continuous agitation; a sample
was removed every 2 min, plated after appropriate dilution,
and colonies counted after 3 weeks of incubation.
Preliminary analysis of several death curves indicated
that UV doses corresponding to irradiation for 15 and 22
min, with associated killing rates of ca. 50% and 98%,
respectively, were appropriate, so they were selected for
further consideration. Exposed cultures were then plated
after appropriate dilution, and maintained in darkness over-
night to avoid photoreactivation (Carlton and Brown, 1981).
The resulting colonies were recovered and recultured.
Forty-seven clones have been successfully isolated and
recovered in this way. All clones were cultivated in 100-mL
Erlenmeyer flasks until the late exponential phase was at-
tained. Afterward, they were cultivated in 250-mL Erlen-
meyer flasks up to the stationary phase, under identical
conditions of nutrient level, light (8.6 W  m−2) provided by
cool-light fluorescent lamps (OSRAW 23W/21), and tem-
perature (22°C). Cultures were manually shaken twice a day
and continuously supplied with light. Cultures were even-
tually harvested, spray-dried, and stored at −30°C under
nitrogen, for subsequent lipid analyses.
Six colonies not exposed to UV were cultivated as control
so that the effect of mutation on fatty acid yield could be
statistically assessed.
Stored samples were analyzed by gas chromatography
(GC) to determine the qualitative and quantitative fatty acid
profile, according to the procedure described below. By the
end of the first stage, the cultures with EPA and DHA
contents higher than those of the control were selected for
the second stage of cultivation. In this second stage, tenta-
tive mutants were recultured in quadruplicate using 250-mL
Erlenmeyer flasks under similar growth conditions.
After lipid analyses following the second stage, promis-
ing cultures bearing a product level statistically above that
observed in the control were further used for double check-
ing of results. The strains selected were thus recultured in
triplicate in 1-L flasks. Cultures were bubbled with filtered
(0.22 m) atmospheric air; temperature was maintained at
25°C, and light was continuously made available at 17.2
W  m−2, thereby providing optimal conditions for growth
of biomass and lipid production. When cultures reached the
stationary phase, they were harvested, spray-dried, and
stored under nitrogen at −30°C, prior to GC analysis.
In all experiments, at several stages, optical density (OD)
of the control was used to monitor growth; when the control
reached the stationary phase, cultures were duly harvested
and processed as mentioned above.
Chemical Analysis
Fatty acid methyl esters were obtained by direct transesteri-
fication of duplicated spray-dried samples, according to the
acidic method described by Lepage and Roy (1984), after
the modifications introduced by Cohen et al. (1988), using
heptadecanoic acid as internal standard and acetyl chloride
as catalyst. Those esters were analyzed in a Perkin-Elmer
gas chromatograph (Norwalk, CT) with a flame ionization
detector. The column was a 60-m fused silica, capillary
column Supelcowax-10 from Supelco (St. Louis, MO). He-
lium was used as carrier gas in splitless mode; the injector
and detector were maintained at 250 and 270°C, respec-
tively; and the oven heating program increased the column
temperature linearly from 170 to 250°C, at a rate of 1°C
min−1. Pure standards of fatty acids from Sigma were used
for tentative identification based on comparison of retention
times.
Statistical Analysis
Following the second experiment, a Fisher’s F-test was used
when searching for possible differences in the variances of
EPA and DHA contents between individual mutants and the
control. All those variances proved to be statistically similar
(P < 0.01); hence, a Student’s t-test assuming equal vari-
ances was used, so as to pinpoint tentative differences in
EPA and DHA contents between individual mutants and the
control.
Following the third experiment, statistical analysis of
variance (ANOVA) was applied to identify inter-strain dif-
ferences regarding contents of each individual fatty acid,
including both the control and all mutants.
In the various statistical analyses, the average of duplicate
results of the lipid chemical assays was used as a datum
point.
RESULTS
When several cultivation media and conditions were tested,
we realized that a strong inoculum would lead to growth in
all cases, except media solidified with gelatin and with more
than 0.8% (m/v) agar no. 1; however, when small inocula
were used, growth was observed only in ASW solidified
with less than 0.8% (m/v) agar no. 1. Finally, when plates
were inoculated with diluted cultures in attempts to isolate
colonies, no growth was observed but in ASW with 0.3%
and 0.5% (m/v) agar no. 1, under high relative humidity.
The minimum cultivation time required by formation of
colonies with adequate size was at least 25 d, with 0.3%
(m/v) agar no. 1.
As mentioned before, 47 strains were isolated and suc-
cessfully recovered following exposure to UV light of the
parent culture. A cultivation experiment was then per-
formed with all 47 strains (first stage). By 22 d the control
entered the stationary phase, so samples were harvested.
The average results of EPA and DHA contents, together
with range and coefficient of variation (CV) among wild
type and putative mutants, are shown in Table I. The CVs of
EPA and DHA among putative mutants were markedly
higher than those found among the wild type. Comparing
the 47 putative mutants with the wild type, three strains
could easily be selected that exhibited a higher EPA yield
(viz. I#3, I#14, and I#25), and another two that exhibited
both higher EPA and higher DHA yields (viz. II#2 and
II#25). The aforementioned five strains were subjected to a
second experiment (second stage) with quadruplicate cul-
tures, in order to statistically analyze tentative differences in
EPA and DHA yields. This experiment ran for 25 d, until
the control reached the stationary phase. The average results
for the major fatty acids (including EPA and DHA), and
associated standard deviations, are included in Table II. To-
tal fatty acid (TFA) content was higher than that of the
control for all mutants but I#25. For all strains selected, the
content of each individual fatty acid was also higher than
that found in the wild type; as expected, this difference was
not so apparent for those fatty acids present is small
Table I. Experimental results of the first-stage experiments, encompass-
ing EPA and DHA average yield, coefficient of variation (CV) from wild-
type (n  6 cultures) and isolated cultures (n  47 cultures), and range of
values (min–max).
Strain
Fatty acid composition (mg  g−1 dry biomass)
EPA DHA TFA
Wild-type Max 6.32 4.25 24.68
Min 4.97 2.83 17.66
Average 5.94 3.51 20.34
CV 10.90 17.10 18.60
Mutants Max 9.50 4.38 35.53
Min 0.97 0.01 13.14
Average 4.10 2.30 21.98
CV 44.40 40.90 32.20
Selected I#3 6.93 2.75 26.29
strains I#14 7.20 3.83 26.55
I#25 6.50 3.45 26.13
II#2 9.50 4.38 35.53
II#5 7.75 4.30 32.63
Table II. Experimental results of fatty acid profile of wild-type, WT (n  4 cultures) and five selected strains (n  4 cultures), in the second-stage
experiments, in terms of average and standard deviation.a
Strain
Fatty acid composition (mg  g−1 dry biomass)
14:0 16:0 16:1(n-7) 18:1(n-7) 18:3(n-3) 18:4(n-3) 20:5(n-3) 22:6(n-3) TFA
WT 4.45 ± 0.88 3.55 ± 0.84 3.20 ± 0.79 1.04 ± 0.21 0.29 ± 0.10 1.21 ± 0.24 3.76 ± 0.72 2.38 ± 0.55 31.71 ± 5.22
I#3 5.02 ± 0.23 3.76 ± 0.73 3.37 ± 0.68 1.07 ± 0.11 0.41 ± 0.05 1.42 ± 0.21 4.75s ± 0.73 2.01ns ± 0.17 36.18 ± 1.60
I#14 5.11 ± 1.19 4.65 ± 0.92 5.68 ± 0.83 1.20 ± 0.12 0.33 ± 0.03 1.59 ± 0.30 5.02s ± 0.80 2.95ns ± 1.05 34.32 ± 5.84
I#25 5.15 ± 0.50 3.60 ± 0.44 3.60 ± 0.09 1.22 ± 0.32 0.33 ± 0.03 1.41 ± 0.13 5.11ns ± 0.56 2.38ns ± 0.29 30.89 ± 3.88
II#2 5.99 ± 0.71 4.08 ± 0.54 3.89 ± 0.25 1.39 ± 0.19 0.44 ± 0.12 1.71 ± 0.45 5.36s ± 0.16 2.81s ± 0.23 34.46 ± 2.27
II#5 5.84 ± 2.69 4.07 ± 2.11 4.15 ± 1.92 1.47 ± 0.51 0.34 ± 0.30 1.77 ± 1.13 5.81ns ± 3.86 2.50ns ± 1.54 35.68 ± 3.90
as, significantly different (P < 0.05); ns, not significantly different, for strain relative to WT.
amounts, viz. 18:1(n-7), 18:3(n-3), and 18:4(n-3), although
there was still an increasing tendency. In terms of overall
fatty acid profile, there were no differences in the fraction of
the major fatty acids between wild type and mutants, except
for 18:4(n-3) and EPA, for which this fraction was always
more concentrated in the mutants. The statistical analyses,
encompassing differences in EPA and DHA contents be-
tween individual mutants and the control, indicated that
strains I#3 and I#14 produced significantly more EPA (P <
0.05), and that strain II#2 produced significantly more EPA
and DHA (P < 0.05) than the control.
The third and final experiment performed with strains
I#14 and II#2 was aimed at further confirming that the EPA
and DHA yields were statistically higher than the control,
under particularly appropriate cultivation conditions for
growth and lipid production; these cultures thus presented
higher growth rates, and the control reached the stationary
phase within only 16 d. The fatty acid profile of the wild
type and of the mutants selected is presented in Table III. As
in the second stage, the TFA was higher in the mutants, viz.
134.89, 148.39, and 162.75 mg  g−1 dry biomass, in the
wild type, the strain I#14 and the strain II#2, respectively.
The individual fatty acid content was also higher in the
mutants, except for 14:0; however, the fraction of EPA in
TFA was not markedly higher in the mutants as it was in the
second stage, with figures of 12.7%, 12.9%, and 14.2% of
TFA in the wild type, strain I#14, and strain I#2, respec-
tively. ANOVA was used to compare inter-strain differ-
ences in terms of each individual fatty acid, and it was
apparent that there were differences in the fatty acid content
between the cultures: not only were the contents of EPA and
DHA significantly different, but the contents of 18:3(n-3),
18:4(n-3), and TFA were also significantly different be-
tween the modified strains and their native counterparts.
The average results pertaining to EPA and DHA produc-
tivities of the final experiment are presented in Table IV. As
there were no significant differences in growth rate, and
consequently in final biomass, of both wild type and mu-
tants, the EPA productivity was higher in both mutants, and
the DHA productivity was higher in strain II#2.
DISCUSSION
Random mutagenesis is a simple way to enhance metabolite
productivity by microorganisms; however, it requires
screening of the highest possible number of putative mu-
tants because its accuracy is rather low (Carlton and Brown,
1981). Although the random screening protocol followed
does not conform to the standard of Queener and Lively
(1986), note that it was based on the modified protocol
initially proposed by Alonso et al. (1996); moreover, the
second round of mutation in the latter presented a very small
efficiency, so a single round of mutation was done. In mi-
croorganisms that grow and form colonies on solid media
(e.g., yeasts, bacteria, and a few microalgae), it is relatively
easy to attain a high number of clones using current bacte-
riological techniques. However, cultivation of flagellate and
filamentous organisms on solid medium plates, as is the
case of other microalgae and cyanobacteria, may be cum-
bersome and laborious; this realization has indeed restricted
genetic studies to only a few species (Williams et al., 1979).
Pavlova lutheri is one such flagellate microalga, which dis-
plays poor grow rate on solid plate, mainly due to drying out
of medium (Droop, 1954); previous establishment of the
best conditions to cultivate and grow colonies of this mi-
croalga on plate was then a crucial step of our research
effort. The semisolid medium, containing 0.3% (m/v) agar
no. 1, cultivated under high relative humidity (>70%)
proved to be an effective method to produce distinct colo-
nies of this microalga, probably owing to the high amounts
of water present in both medium surface and overhead at-
mosphere.
The reproduction of marine flagellates is usually asexual,
via binary fission (Throndsen, 1997); however, some atypi-
cal cases of sexual reproduction in both iso- and anisogamy
have been described. Single cells were successfully isolated
under the light microscope in our laboratory; they could be
grown on liquid media (unpublished results), hence proving
their ability to reproduce asexually. This detail, coupled
with the fact that several replicates of all cultures, cultivated
Table III. Experimental results of fatty acid profile of wild-type, WT (n  3 cultures) and two selected strains (n  3 cultures), in the third-stage
experiments, in terms of average and standard deviation, as well as ANOVA F-ratio for inter-strain comparison.a
Strain
Fatty acid composition (mg  g−1 dry biomass)
14:0 16:0 16:1(n-7) 18:1(n-7) 18:3(n-3) 18:4(n-3) 20:5(n-3) 22:6(n-3) TFA
WT 16.42 ± 7.88 15.50 ± 1.85 16.54 ± 2.73 3.47 ± 0.59 1.01 ± 0.34 6.61 ± 1.31 17.41 ± 1.82 7.99 ± 2.90 134.89 ± 9.01
I#14 15.74 ± 8.05 17.54 ± 7.31 18.88 ± 10.01 3.24 ± 0.93 1.36 ± 0.64 7.26 ± 0.52 18.87 ± 2.28 7.91 ± 2.69 148.39 ± 36.35
II#2 15.47 ± 4.37 18.35 ± 2.85 21.29 ± 6.86 3.86 ± 0.41 1.60 ± 0.55 7.97 ± 1.33 23.12 ± 0.23 10.62 ± 1.93 162.75 ± 18.53
ANOVA
F-ratio 0.10ns 1.48ns 2.03ns 3.99ns 6.04s 6.79s 7.68s 6.79s 6.17s
as, significantly different (P < 0.05); ns, not significantly different, for strain relative to WT.
Table IV. Volumetric productivity (mg  g−1  L−1) of EPA and DHA in
wild-type (WT) and two selected strains, in the third-stage experiments





many times (for almost 2 years), still maintained the same
characteristics in terms of growth and lipid production, sup-
ported the assumption of clonal cultures rather than sexually
reproduced cultures.
The mutagenic agent used (UV light) is a practical, but
not very efficient way to induce mutagenesis; hence, it is
preferable to use long exposures, with concomitant high
killing rates to increase the probability of mutation (Carlton
and Brown, 1981). However, when working with microal-
gae, it is difficult to recover clones; as the highest possible
number is essential, two different times of UV exposure
were chosen, with corresponding killing rates of 50% and
98%. These times of exposure either facilitate recovery of a
high number of clones (as the former), or increase the mu-
tation probability (as the latter).
When analyzing the CV of the wild type in the first stage,
values of 10.9% and 17.1% were obtained for EPA and
DHA, respectively. These relatively high variance levels are
accounted for by the intrinsic variability among strains, and
are consistent with those previously reported for other spe-
cies (Alonso et al., 1992, 1994). The CV figures pertaining
to EPA and DHA in the 47 mutants were almost twice those
found in the literature for EPA in Phaeodactylum tricornu-
tum mutants (Alonso et al., 1996). Considering the ultimate
goal of this work—to increase EPA and DHA contents—the
efficiency was better for EPA as the number of hyper-
producers was higher, but the CV among mutants was very
similar for the two fatty acids, so the higher efficiency with
EPA may have been the result of random selection of mu-
tants.
Five strains were selected by the end of the first stage, as
discussed before; however, this selection was based on
analysis of a single culture, which does not take into account
the intrinsic variation in performance of individual strains.
This procedure may lead to errors, yet note that the major
goal of the first stage was to isolate the highest possible
number of putative mutants. A second stage, with quadru-
plicate cultures, was then implemented, aimed at assessing
tentative differences in fatty acid contents according to a
statistically validated procedure.
From the five strains selected in the second stage, only
three presented significant differences in EPA content,
which unfolds the limitation of the single culture analysis.
Under such stricter validation conditions, two cultures with
significantly higher (P < 0.05) EPA content (I#3 and I#14),
and one with significantly higher (P < 0.05) EPA and DHA
contents (I#2) than the wild-type were selected.
Our results appear promising, as a single round of muta-
tion permitted a 42.6% increase in EPA content and an
18.1% increase in DHA content for the same strain (II#2);
however, the cultivation conditions were not at an optimum
for growth and lipid production. It is well known that the
culture parameters may, within certain limits, modulate
growth and fatty acid production (Emdadi and Berland,
1989; Grima et al., 1993; Thompson et al., 1996); hence, the
two most promising strains (II#2 and I#14) were subjected
to a further cultivation step (third stage), so differences
already found in EPA and DHA yields were re-evaluated
under particularly favorable conditions for growth and lipid
production. The statistical differences based on ANOVA,
encompassing both strains and the wild type, indicated that
the production of EPA and DHA by the three strains was
different (P < 0.05), as well as the production of TFA and
of other n-3 fatty acids. The yield of EPA in strains I#14 and
II#2 was 7.4% and 32.8% higher, respectively, than in the
wild type, whereas the DHA yield in II#2 was 32.9% higher
than in the wild type. The difference in the total amounts of
fatty acids between the second and the third stages arises
from the different cultivation conditions: the final stage was
performed in aerated flasks, which promote growth and thus
metabolite production.
The results for EPA and DHA productivity, presented in
Table IV, indicate that it is possible to increase the volu-
metric productivity of both fatty acids using this method. It
is important to note that the major scope of this work was to
increase the EPA and DHA yields in this microalga, so as to
obtain a product for aquaculture. As previously mentioned,
this species is currently used in aquaculture, so an increase
in the yield of such important fatty acids will automatically
lead to enhancement of product quality.
Several authors (Alonso et al., 1994; Carvalho and Mal-
cata, 2001) have in fact reported great increases in growth
and fatty acid production when cultures were provided with
CO2; since our cultures were aerated with atmospheric air
with no further addition of CO2, then total EPA and DHA
contents may undergo further enhancement if culture con-
ditions are duly engineered (which is, nevertheless, beyond
the scope of this communication).
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